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Abstract 
In this study, we introduced a novel and generalized calculation method to reproduce the deposition profiles in various 
types of chemical vapor deposition reactors. Robust and accurate calculations along with reduced computing cost were 
achieved by this method. Both boundary value problems and initial value problems for estimating the mass balance 
equations of the deposition species by iterations of numerical integrations were changed into problems of finding the 
linear combinations consisting of a few “basis functions,” which are inherent in the reactors and deposition species. The 
coefficients of the linear combinations were optimized using genetic algorithms. We could demonstrate the validity of the 
proposed method using various examples of the reaction mechanisms and conditions. 
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1. Introduction 
Chemical vapor deposition (CVD) is one of the most important processes for manufacturing semiconductor 
devices and other films. Numerical calculations of the CVD process are helpful for the development of CVD 
[1]. In particular, fast and accurate calculation of the predicted results of CVD is helpful for the high-
throughput R&D of CVD processes such as the automatic modeling of the reaction mechanisms [2]. However, 
the large calculation cost, which is 103–106 times that of single calculations performed by researchers, for 
 
 
* Corresponding author. Tel.: +81-53-478-1098; fax: +81-53-478-1098. 
E-mail address: tttakah@ipc.shizuoka.ac.jp 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of Organizing Comm ttee of EUROCVD 19.
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
220   Takahiro Takahashi et al. /  Physics Procedia  46 ( 2013 )  219 – 229 
estimating the predicted results by solving difficult (stiff) diffusion-reaction equations restricts the practical 
use of high-throughput R&D [3]. Therefore, we proposed a novel calculation method using genetic algorithms 
(GA) to estimate the deposition profiles in a CVD reactor [4]. Although we successfully demonstrated the 
validity of this method, its application was limited to a specific type of reactor, that is, a macroscopic cavity 
(macrocavity) [5]. Therefore, in this study, we developed and generalized the calculation method to deal with 
various types of reactors. In addition, we investigated the validity of the method by calculating the deposition 
profiles in both a batch-type reactor with round-shaped substrates and a tubular-type reactor as examples of 
reactors [6,7]. 
2. Theoretical details 
2.1. Reaction model 
In this study, the reaction models consist of deposition species (including the source gas), films, gas-phase 
reactions with rate constants kg, and surface reactions with rate constants ks [2]. We numbered the deposition 
species. The number 1 indicates the source gas. All other numbers indicate intermediate species. The reactions 
included in the model are the first-order reactions of the deposition species. Based on chemical kinetics, the 
model is decided by considering rate-determinant steps. 
2.2. Reactors 
We used two types of reactors as deposition reactors for the CVD process. These reactors provide well-
defined spaces with simple and clear governing equations, and a large number of experimental results and 
reaction models have been proposed [6]. 
One study used a batch-type reactor with round-shaped substrates corresponding to semiconductor wafers 
[7]. Figure 1(a) shows the schematic structure of this reactor. We assumed profiles axisymmetric to the 
direction of the gas flow, that is, the z-axis. The deposition species is provided by the diffusion of a carrier gas. 
We used the deposition profiles of films (i.e., film thickness nonuniformities) as experimental results. 
Although the mass balance equations of the deposition species were proposed in a previous study [7], these 
were not suitable for the reaction model proposed in this study. Therefore, we modified the equations both by 
adding the production terms of the species by the gas-phase reactions of other species and by separating the 
gas-phase reactions and the surface reactions using the surface/volume ratio from the simple annihilation 
terms of reactions. Consequently, under isobaric and isothermal conditions in the reactor, the deposition 
profiles were calculated by solving diffusion-reaction equations, that is, mass balance relations of the 
deposition species, as follows. 
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where m and i are indices denoting the deposition species; n is the total number of deposition species; r is the 
distance from the center of the substrate; R is the radius of the substrate; w is the interval between the 
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substrates; D is the diffusion coefficient, the value of which is set a priori for each species; C is the 
concentration; kgmi is the rate constant of the gas-phase reaction from species m to species i; ks is the rate 
constant of the surface reaction; Coutm is the concentration of species m at r = R, which is set at a constant 
value and used as one of the boundary conditions for the calculations; and Gr is the growth rate of the films. 
Calculating the profiles of the concentration of the deposition species and the growth rate involves 
determining the solutions of ordinary differential equations with boundary values. If there is no intermediate 
species in the reaction model, the profiles are obtained analytically, because the equations are modified Bessel 
equations anomalistically. However, the solutions are generally determined by iterations of numerical 
integrations such as a shooting method. This is the reason for the high calculation cost of estimating the 
predicted results. 
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Fig. 1. Schematic structure of the reactors (a) Batch-type reactor with round-shaped substrates, (b) tubular-type reactor 
 
The other reactor used was a tubular-type reactor with laminar flow. Figure 1(b) shows a schematic 
structure of the reactor. The deposition species is provided by the flow of a carrier gas, the linear velocity of 
which is assumed to be constant. We used the deposition profiles on the inner wall of the reactor as 
experimental results. 
Under conditions where the carrier gas is perfectly mixed in the radial direction but not in the axial 
direction of the reactor, the deposition profiles were calculated by solving the mass balance relations of the 
deposition species as follows. 
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where x is the distance in the axial direction of the reactor (starting point of x (i.e., x = 0) can be set 
arbitrarily); d is the diameter of the reactor; and C0m is the concentration of species m at x = 0, which is set at 
a constant value and used as one of the initial conditions for the calculations. 
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3. Results and discussion 
3.1. Overview of calculation method 
ĞƉŽƐŝƚŝŽŶ
^ƉĞĐŝĞƐϮ
&ŝůŵ;WƌŽĚƵĐƚͿ
ŬŐϭϮсϭ͘Ϯϴ
΀ƐͲϭ΁
ĞƉŽƐŝƚŝŽŶ
^ƉĞĐŝĞƐϯ
ŬŐϮϯсϭ͘ϮϬ
΀ƐͲϭ΁
ĞƉŽƐŝƚŝŽŶ
^ƉĞĐŝĞƐϰ
ŬŐϯϰсϭ͘ϬϬ
΀ƐͲϭ΁
ĞƉŽƐŝƚŝŽŶ
^ƉĞĐŝĞƐϭ
;ZĞĂĐƚĂŶƚͿ
ŬƐϰсϬ͘ϭϴϵ
΀ŵƐͲϭ΁
ŬŐϰϮсϭ͘Ϭ
΀ƐͲϭ΁
ĞƉŽƐŝƚŝŽŶ
^ƉĞĐŝĞƐϰ
ŬƐϰсϬ͘ϭϴϵ
΀ŵƐͲϭ΁
ŬŐϰϮсϭϬϬ͘Ϭ
΀ƐͲϭ΁
ĞƉŽƐŝƚŝŽŶ
^ƉĞĐŝĞƐϯ
ŬŐϯϰсϭ͘ϬϬ
΀ƐͲϭ΁ĞƉŽƐŝƚŝŽŶ
^ƉĞĐŝĞƐϮ
ŬŐϮϯсϭ͘ϮϬ
΀ƐͲϭ΁
ŬŐϭϮсϭ͘Ϯϴ
΀ƐͲϭ΁
ĞƉŽƐŝƚŝŽŶ
^ƉĞĐŝĞƐϭ
;ZĞĂĐƚĂŶƚͿ
ĂƐŝƐ
ĨƵŶĐƚŝŽŶƐ
ŽŶĐĞŶƚƌĂƚŝŽŶ
ƉƌŽĨŝůĞƐŽĨƚŚĞ
ƌĞĂĐƚŝŽŶƐǇƐƚĞŵ
ǁŝƚŚƚŚĞƐŝŶŐůĞ
ƐƉĞĐŝĞƐ
ZĞĂĐƚŝŽŶ
ŵŽĚĞů
ŽŶĐĞŶƚƌĂƚŝŽŶ
ƉƌŽĨŝůĞƐŽĨƚŚĞ
ĚĞƉŽƐŝƚŝŽŶƐƉĞĐŝĞƐ
m
m
n
mi
mi
m D
ks
w
kg 2+
≡
¦
≠α
/Ϭ͗DŽĚŝĨŝĞĚĞƐƐĞů
ĨƵŶĐƚŝŽŶŽĨƚŚĞ
ǌĞƌŽƚŚŽƌĚĞƌ
ϭ;ƌͿΕϰ;ƌͿ
0
0.2
0.4
0.6
0.8
1.0
0 0.01 0.02 0.03 0.04 0.05
C1
C2
C3
C4
C
o
n
ce
n
tr
a
tio
n
 o
f S
pe
ci
es
 
[1
0-
3 m
o
l/m
3 ]
r [m]
ĞĐŽŵƉŽƐĞĚ
ƌĞĂĐƚŝŽŶ
ŵŽĚĞůƐ
0
0.2
0.4
0.6
0.8
1
0 0.01 0.02 0.03 0.04 0.05
I 0
 4
(a 4
r)/
I 0
 4
(a 4
R
) [
-]
r [m]
0
0.2
0.4
0.6
0.8
1
0 0.01 0.02 0.03 0.04 0.05
I 0
 3
(a 3
r)/
I 0
 3
(a 3
R
) [
-
]
r [m]
0
0.2
0.4
0.6
0.8
1
0 0.01 0.02 0.03 0.04 0.05
I 0
 2
(a 2
r)/
I 0
 2
(a 2
R
) [
-
]
r [m]
0
0.2
0.4
0.6
0.8
1
0 0.01 0.02 0.03 0.04 0.05
I 0
 1
(a 1
r)/
I 0
 1
(a 1
R
) [
-
]
r [m]
( )
( )RI
rIbf
40
40
4 α
α
=
( )
( )RI
rIbf
30
30
3 α
α
=
( )
( )RI
rIbf
20
20
2 α
α
=
( )
( )RI
rIbf
10
10
1 α
α
=
ϭϮΕϰϮ
ϭϰΕϰϰ
ϭϯΕϰϯ
ϭϭΕϰϭ
^ƚĞƉϮ
^ƚĞƉϯ
^ƚĞƉϰ
^ƚĞƉϭ
 
Fig. 2. Schematic procedure of the generalized calculation method (example of batch-type reactor). 
 Takahiro Takahashi et al. /  Physics Procedia  46 ( 2013 )  219 – 229 223
Figure 2 shows the schema of the generalized calculation method, which we have proposed as an analogy 
of our previous study [4]. The calculations of the deposition profiles from the complicated reaction models are 
carried out as follows. First, we decompose the reaction model into the reaction models, which includes single 
deposition species with the reaction of the species (Step 1 in Figure 2). Hereafter, we call the decomposed 
reaction models fraction models. Second, we calculate the pseudo-concentration profiles of the deposition 
species from the fraction models (Step 2) and then make basis functions bfm by normalizing the pseudo-
concentration profiles (Step 3). Finally, we synthesize the real concentration profiles using linear 
combinations of the basis functions and find the appropriate coefficient of the linear combinations by GA 
(Step 4). 
3.2. Batch-type reactor 
We applied the generalized method to the batch-type reactor. The governing equation of the fraction 
models are as follows, because the fraction models of the species did not include the production terms of the 
species by the gas-phase reactions from other species: 
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where C'm is the pseudo-concentration profile of species m in the fraction model. Because the governing 
equations are modified Bessel equations, the pseudo-concentration profiles are obtained as modified Bessel 
functions without any numerical calculations. Therefore, the basis functions are obtained as follows by 
normalizing the values at the edge of the substrate. 
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where I0 is the modified Bessel function of the zeroth order. Therefore, the (real) concentration profiles are set 
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where Bmi is the coefficient of the linear combinations. To find the contribution ratios, we adopted a GA 
because it is robust and suitable for global optimizations, while its procedures are very simple [8]. In this 
study, the GA calculation process involved three operations: tournament selection, uniform crossover, and 
mutation [9]. The GA chromosome contained information about all the coefficients of basis functions in the 
linear combinations for all the species. The closer the candidates of the concentration profiles are to the 
correct profiles, the closer the corresponding value of the left part of equation (1) is to zero. Therefore, we 
defined the fitness function f of the GA calculations as follows by making the left part dimensionless. 
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where j is the index of the deposition species, k is the index denoting the measured point for calculating the 
fitness value, and mp is the number of measured points. We set eleven measured points at the same intervals 
from the center to the edge of the substrate. 
We used three synthetic reaction models in Figure 3(a–c) to demonstrate the validity of the calculating 
method. We found the concentration profiles numerically under the conditions listed in Tables 1 and 2(a–c). 
Then, we calculated the growth rate of the films by equation (2) as “correct” answers. 
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Fig. 3. Reaction models of the batch-type reactor for evaluations of the calculation method 
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Table 1. Specifications of batch-type reactor with round-shaped substrates. 
 Interval between substrates w [mm] Radius of substrate R [cm]
5 5
 
 
 
Table 2. Calculation conditions for deposition profiles of the reaction models shown in Figure 3. 
(a)     (b) 
Diffusion coefficient of species D 1~2  [m2/s]
D 1 D 2
3.48x10-3 3.48x10-3
Concentration of species at r=R  Cout 1~2  [mol/m3]
Cout 1 Cout 2
2.74x10-3 1.44x10-4
 
Diffusion coefficient of species D 1~4  [m2/s]
D 1 D 2 D 3 D 4
3.48x10-3 3.48x10-3 3.48x10-3 3.48x10-3
Concentration of species at r=R  Cout 1~4  [mol/m3]
Cout 1 Cout 2 Cout 3 Cout 4
1.44x10-4 2.79x10-4 5.06x10-5 9.28x10-4
 
(c) 
Diffusion coefficient of species D 1~4  [m2/s]
D 1 D 2 D 3 D 4
3.48x10-3 3.48x10-3 3.48x10-3 3.48x10-3
Concentration of species at r=R  Cout 1~4  [mol/m3]
Cout 1 Cout 2 Cout 3 Cout 4
1.44x10-4 2.66x10-4 5.08x10-5 9.75x10-4
 
 
 
Figure 4 (a–c) shows the deposition profiles of the reaction models shown in Figure 3 calculated both 
numerically and by the proposed method. In the case of model 3(a), the obtained deposition profile and the 
analytical solutions were in quantitative agreement because there was less than 0.1% difference between the 
concentration profiles obtained by both calculation methods. In the case of model 3(b), both the deposition 
profiles were in quantitative agreement with less than 2% difference in the concentration profiles for species 1, 
3, and 4, although there was less than 5% difference in the concentration for species 2. In the case of model 
3(c), both the deposition profiles were in quantitative agreement with less than 1% difference in the 
concentration profiles for species 1, 3, and 4, although there was less than 3% difference in the concentration 
for species 2. Consequently, we concluded that the programs using the proposed method can be used as 
process simulators for estimating the deposition profiles of the batch-type reactor with round-shaped 
substrates. 
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Fig. 4. Comparison of deposition profiles of the reaction models shown in Figure 3. 
 
3.3. Tubular-type reactor 
We also applied the generalized method to the tubular-type reactor. The governing equation of the fraction 
models were as follows: 
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where C'm is the pseudo-concentration profile of species m in the fraction model. The pseudo-concentration 
profiles are obtained as exponential functions. Therefore, the basis functions are obtained as follows by 
normalizing the values at the edge of the substrate. 
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where Bmi is the coefficient of the linear combinations to be found by GA. We also defined the fitness 
function f of the GA calculations as follows by making the left part of equation (12) dimensionless. 
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We set 11 measured points at the same intervals from the start to the end point of the reactor. 
We used the two synthetic reaction models shown in Figure 5(a–b) to demonstrate the validity of the 
calculation method. We found the concentration profiles numerically under the conditions listed in Tables 3 
and 4. Then, we calculated the “correct” growth rate of the films by equation (4). 
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Fig. 5. Reaction models of the tubular-type reactor for evaluations of the calculation method. 
Table 3. Specifications of tubular-type reactor 
 Diameter d [cm] Axial lentgh L [cm] Linear velocity of carrier gas u [m/s]
2.54 20 25
 
Table 4. Calculation conditions for deposition profiles of the reaction models shown in Figure 5. 
(a)     (b) 
Concentration of species at x=0  C 0 1~2  [mol/m3]
C 0 1 C 0 2
2.2x10-3 1.0x10-5
 
Concentration of species at x=0  C 0 1~4  [mol/m3]
C 0 1 C 0 2 C 0 3 C 0 4
2.13x10-3 3.07x10-4 5.69x10-5 8.81x10-6
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Figure 6(a–b) shows the deposition profiles of the reaction models shown in Figure 5 calculated both 
numerically and by the proposed method. In the case of model 5(a), the obtained deposition profile and the 
analytical solutions were in quantitative agreement because there was less than 0.01% difference between the 
concentration profiles obtained by both calculation methods. In the case of model 5(b), both the deposition 
profiles were in quantitative agreement with less than 0.12% difference in the concentration profiles for 
species 1, 2, and 3, although there was less than 0.34% difference in the concentration for species 4. 
Consequently, we concluded that the programs using the proposed method can be used as process simulators 
for estimating the deposition profiles of the tubular-type reactor. Although the program for the tubular-type 
reactor outperformed the one for the batch-type reactor, we believe that the application of this method to the 
batch-type reactor is more practical, because the batch-type reactor required a higher calculation cost than the 
tubular-type one. 
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Fig. 6. Comparison of deposition profiles of the reaction models shown in Figure 5. 
 
In conclusion, either replacing the conventional simulators with the proposed ones or combining both will 
reduce the large calculation cost without degrading the quality of the calculated results. In addition, we 
believe that the proposed method can be applied to various types of reactors by finding the basis functions, 
which are introduced by the fraction reaction models. In addition, from some considerations, we believe that 
the calculation method provides us with the exact solution of the governing equations under almost all 
conditions as long as the calculations by GAs are successful. However, if the approximate solution is 
acceptable, the scope of applicability of this method could be increased by adding the basis functions, which 
are empirically useful. 
4. Conclusions 
We proposed and generalized a novel calculation method to reproduce the deposition profiles in CVD 
reactors using basis functions. We formulated the governing equations of the batch-type reactor with round-
shaped substrates and the tubular-type reactor and showed that these reactors had a few basis functions, which 
consist of the concentration profiles of the deposition species under various conditions. The programs using 
the proposed method showed good performance with respect to the accuracy of the solutions and the 
calculation cost, because the governing equations were calculated without using numerical differential and 
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integral calculus. Therefore, the implementation of this method will enable us to develop a more effective tool 
for high-throughput R&D of CVD processes. 
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